Introduction
HIV-1 viremic controller (VC) patients represent a unique population of individuals who naturally suppress HIV replication in the absence of highly active antiretroviral therapy (HAART) (1, 2) . These VC patients can be divided into 2 subgroups made up of long-term nonprogressors (LTNPs) and elite controllers (ECs). Both LTNPs and ECs maintain normal CD4 levels, but ECs inhibit virus replication below detectable levels (50 copies/ml), while LTNPs maintain potent suppression below 1,000 viral copies/ml of blood. Several studies have reported strong Ab-dependent cellular cytotoxicity (ADCC) and Ab-dependent cellmediated viral inhibition (ADCVI) responses in both subgroups of VCs (3) (4) (5) (6) (7) . These reports suggest that, in addition to associations with favorable HLA, which can promote strong cytotoxic T cell responses (8, 9) , Ab-mediated effector cell responses (Ab-MERs) may also contribute to the HIV "controller" phenotype. In the RV144 HIV vaccine trial, a small reduction in HIV acquisition correlated with the induction of nonneutralizing IgG Ab responses that mediate ADCC after controlling for IgA responses (10, 11) . Given this common feature, further characterization of IgG responses from VCs may yield valuable insights into the mechanisms that underlie potent antiviral Fc effector responses and identify Ab profiles that may be desirable to emulate in HIV vaccine strategies.
Most Ab-MERs are initiated by engagement of Fc-γ receptor (FCGR) activation on the surface of innate immune effector cells (e.g., NK cells, macrophages, monocytes, and DCs) (12, 13) . FCGRs are a diverse family of receptors that orchestrate an array of cellular effector functions, such as ADCC, Abdependent cellular phagocytosis (ADCP), and effector cytokine production. Two activating FCGRs that are particularly important to the induction of ADCC, ADCP, and cytokine production are Several studies indicate that IgG Abs from VCs induce enhanced responses from immune effector cells. Since signaling through Fc-γ receptors (FCGRs) modulate these Ab-driven responses, here we examine if enhanced FCGR activation is a common feature of IgG from VCs. Using an infected cell-based system, we observed that VC IgG stimulated greater FCGR2A and FCGR3A activation as compared with noncontrollers, independent of the magnitude of HIV-specific Ab binding or virus neutralization activities. Multivariate regression analysis showed that enhanced FCGR signaling was a significant predictor of VC status as compared with chronically infected patients (CIP) on highly active antiretroviral therapy (HAART). Unsupervised hierarchical clustering of patient IgG functions primarily grouped VC IgG profiles by enhanced FCGR2A, FCGR3A, or dual signaling activity. Our findings demonstrate that enhanced FCGR signaling is a common and significant predictive feature of VC IgG, with VCs displaying a distinct spectrum of FCGR activation profiles. Thus, profiling FCGR activation may provide a useful method for screening and distinguishing protective anti-HIV IgG responses in HIV-infected patients and in monitoring HIV vaccination regimens.
an enhanced breadth of ADCC, ADCP, and NK activation and cytokine production; however, no single Ab-MER was observed to be significantly higher as compared with noncontrollers (14) . This result contrasts with other studies that have observed enhanced ADCC/ADCVI activity in controller patients (3) (4) (5) (6) (7) . Given that FCGR signaling modulates the efficiency of Fc-induced effector responses, assessing the IgG Fc activation profiles associated with controller status may yield insights as to why some VCs display an enhanced breadth of Fc effector responses (14) .
IgG Fc effector responses against HIV-1 are dependent on the recognition of the HIV-1 envelope (Env) glycoproteins (gp), since gp120 and gp41 are the only viral antigens exposed on the surface of virions and HIV-infected cells. The form (e.g., virus, cell-surface, or free protein) in which these antigens are presented to antibodies can also greatly influence their ability to activate Fc-mediated responses. Many studies examining Fc effector responses utilized peptides, monomeric soluble recombinant gp120, or recombinant gp140 trimers (rgp120; rgp140) (3, 6, (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) , but these antigens may not reflect the epitopes that are exposed on the conformationally flexible and highly glycosylated native structure of the HIV-1 Env trimer expressed on the surface of HIV-infected T cells (26) (27) (28) (29) .
Previous studies demonstrate that the antiviral factor tetherin enhances the presentation of viral antigens to the innate immune system through Ab-dependent mechanisms (30) (31) (32) (33) . Building on these observations, we have developed a tetherinexpressing, cell-based system to measure HIV-specific Ab binding, FCGR signaling, and Ab-MERs using a single platform expressing functional infectious antigens. This system characterizes Abs that recognize epitopes that are exposed on cell-associated and virus incorporated (CANVI) forms of HIV Env. Herein, we utilize this system in conjuction with neutralization assays to examine the levels of HIV-specific binding, FCGR activation, and neutralization mediated by IgG from VCs versus HIV + chronically infected patients (CIPs) on HAART.
Results
A cell-based Ab binding assay to characterize HIV-specific Abs. Expression of the anti-viral factor tetherin on the surface of HIV-infected T lymphocytes allows for the enhanced detection of FCGR signaling and Fcmediated effector functions (30) . To exploit the potential of tetherin to increase the detection of cell-surface viral antigens, we developed an HIV-infected, cell-based system that allows for the characterization of Abs that bind CANVI forms of HIV Env. In this assay system, a subclone of the Jurkat E6 CD4 T cell line, which constitutively expresses high levels of tetherin, is infected with an HIV-1 Δvpu mCherry fluorescent reporter virus ( Figure 1A ). Upon infection, these cells retain virus particles on their surface, along with unincorporated forms of Env expressed on the surface of infected cells ( Figure 1B) (30) . To quantify Ab binding, a binding index (BI) was established that provides a combined measure of the frequency of opsonized HIV-infected cells (%) and the density of HIV-specific Ab binding (median fluorescent intensity [MFI]), since FCGR activation is dependent on both (Supplemental Figure 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.88226DS1) (34) . For each sample, the HIVpopulation was used as an internal control to normalize for the contribution of nonspecific Ab binding in both the frequency of opsonized HIV infected cells (%) and density of Ab binding (MFI) (Supplemental Figure 1A) .
To address the possibility that the overall level and heterogeneity of HIV Env expressed on the surface of infected cells may vary in our system, we first examined the level and reproducibility of epitope exposure among experimental replicates ( Figure 1C ). For this purpose, tetherin high HIV-1 Δvpu-infected Figure 1 . Cell-based HIV-specific Ab binding system. (A) Diagram depicts HIV-1 pNL4.3 construct with mCherry expressed in place of HIV Nef with Nef expression restored by an internal ribosome entry site (IRES), Δvpu mutation disrupts the vpu initiation codon. (B) Diagram of HIV Ab binding to tetherin high CD4 + Jurkat cells infected with an HIV-1 Δvpu Cherry-expressing reporter virus. (C) Graph illustrates the reproducibility of epitope detection across 3 separate binding assay replicates using 4 broadly neutralizing monoclonal antibodies (b12; PG9; 830A; 2F5) and non-neutralizing Ab A32, recognizing distinct regions and epitopes within HIV envelope. IgG from an HIVdonor was used as a negative control for binding assay background.
cells that were 20%-30% infected, as indicated by mCherry expression, were used to measure the level of anti-HIV Ab binding with Abs that recognize different defined epitopes on HIV Env. We observed that the levels of Ab binding varied depending on the Ab used, but the levels of Env detection for each Ab remained consistent across replicates ( Figure 1C ). This demonstrates relatively consistent exposure of epitopes and Env forms in our system. Importantly, we also tested the CANVI system with 2 Abs that recognize conformational epitopes, 830A and PG9 (35, 36) . Specifically, PG9 has previously been shown to bind a trimer-dependent epitope in the V2 and V3 loops of HIV-1 Env (36) . Since PG9 displays 90% of the BI value of B12, which had the highest BI of the broadly neutralizing monoclonal Abs (bnAbs) tested, this provides some evidence that a majority of Env antigen in our system is in a higher-order quaternary structure representative of native Env trimers. Our Ab binding assay contrasts with traditional ELISA methods that use rgp120, do not present native higher order conformational epitopes, and may display epitopes that are masked in native Env trimers.
Quantifying the level of patient IgG HIV-specific Ab binding. We next examined the level of patient Ab binding to HIV-1 Envs using IgG purified from the plasma of 18 HIV + VC patients, 27 HIV + CIPs on HAART, and 5 HIVdonors ( Table 1 ). The HIV + VC consisted of 2 subgroups, 9 ECs with viral loads < 50 copies/ ml and 9 LTNPs with VL < 1,000 copies/ml, both of which have controlled infection without antiretroviral therapy (ART). Ab binding was measured using our cell-based CANVI Env system using a panel of X4-or R5-tropic HIV Envs that included 2 molecular clones (NL4-3, YU2), a transmitted founder Env (RHPA), and an Env clinical isolate (JRFL). While we observed a broad range of HIV-specific patient Ab binding, we observed no significant differences in the levels of binding between IgG from VC versus CIP ( Figure 2A ). Furthermore, we observed no significant differences in comparing the VCs split into EC and LTNP subgroups versus CIP ( Figure 2B ). NL4-3 Env was the most highly recognized Env across all patient IgG (i.e., the highest absolute BI values compared with other HIV-1 Envs). To examine the degree of similarity and relative magnitudes of Ab binding for each patient IgG to different HIV Envs, we performed an unbiased hierarchical clustering analysis using Gene E software. This analysis allowed us to examine the degree of similarity and relative magnitudes of Ab binding for each patient IgG to different HIV Envs, relative to all IgG in the cohort. The heat map indicating the breadth of IgG binding revealed that the IgG with strong binding to NL4-3 also bound well to YU2, JRFL, and RHPA Env ( Figure 2C ). Additionally, breadth of binding was not preferentially distributed among VCs or CIPs upon cluster analysis ( Figure 2C ). These data indicate that the level and breadth of HIV Env recognition do not associate with controller status. VCs possess enhanced FCGR activation. A number of studies describe the capacity of IgG from VCs to mediate enhanced ADCC and ADCVI (3-7), or enhanced polyfunctional Fc-mediated responses (14) ; however, the FCGR signaling profiles associated with these activities have not yet been characterized. To examine FCGR signaling, we utilized our CANVI Env system, coculturing these cells with either an FCGR2A or FCGR3A reporter cell line that induces nuclear factor of activated T cell-driven (NFAT-driven) luciferase expression in response to FCGR activation (30, 37) . For this assay, HIV Δvpu-infected tetherin high cells were treated with a serial dilution of patient IgG Abs and cocultured with either FCGR2A or FCGR3A reporter cells.
When examined for FCGR activation, VC Abs mediated enhanced signaling as compared with CIP Abs at the highest Ab concentration tested for both FCGR2A ( Figure 3A ) and FCGR3A ( Figure  4A ). Enhanced FCGR signaling by VC Abs was also apparent when comparing the total areas under the FCGR signaling curves ( Figure 3B and Figure 4B ). Importantly, in splitting the VCs into LTNPs and ECs, the enhanced FCGR activation was equally distributed among both subgroups, indicating that enhanced FCGR activation is a common correlate in both ECs and LTNPs (Figure 3, C and D; Figure 4 , C and D).
Anti-HIV IgG from HIV VC and CIP do not display differences in HIV-1 neutralization capacity. To investigate the relationship between the capacity of patient IgG to mediate FCGR signaling and neutralization, we assessed the capacity of each IgG sample to neutralize the same HIV-1 Env used to assess FCGR signaling. Each patient IgG was tested for its ability to neutralize infection of the TZM-bl indicator cell line (38) . HIV-1 was preincubated with serial dilutions of patient IgG before exposing the cells to the virus. IgG from HIVdonors were used as negative controls ( Figure 5A ). The bnAb 2G12 (data not shown) and pooled polyclonal anti-HIV IgG were used as positive controls ( Figure 5B ). We observed no significant difference in capacity of VC versus CIP Abs to neutralize HIV-1, either at the highest Ab concentration tested ( Figure  5C ) or in comparing the total areas under the neutralization curves ( Figure 5E ). Further, we observed no significant difference in virus neutralization activity between CIP and VC when the data was split into EC and LTNP subgroups ( Multiparameter analysis indicates distinct VC versus CIP phenotypes/profiles. We next compared the magnitude and relationship of multiple Ab features across the cohort. A comparison of the levels of HIV-specific cellbased Ab binding to the levels of FCGR2A or FCGR3A activation revealed no significant correlations (Figure 6, A and B ). This suggests that the efficiency of FCGR signaling is not solely dependent on the level of Ab binding to HIV Env. This further implies that VC IgG are qualitatively different from CIP IgG in their ability to mediate FCGR signaling, but they are not quantitatively different in their ability to bind to infected cells.
Next, we compared the levels of Ab-mediated FCGR signaling with neutralization efficiency. We observed no significant correlation between FCGR2A signaling and HIV-1 neutralization ( Figure 6C ). Interestingly, FCGR3A signaling correlated with neutralization only in CIPs (P = 0.003) but not in VC (P = 0.45) ( Figure 6D ). This suggests that, in CIP, the efficiency of virus neutralization is associated with the efficiency of FCGR3A signaling.
Additionally, we examined the relationship between the levels of FCGR2A versus FCGR3A activation. In doing so, we observed that VCs displayed a spectrum of FCGR activation profiles ( Figure 6E ). The scatter plot shows that ~80% of VCs achieved higher signaling for 1 or both FCGRs (out of box, Figure 6E ). The spectrum of FCGR activation profiles among VC IgG suggests that the magnitude and types of FCGR effector responses elicited by these IgG will differ, since FCGR expression profiles differ among effector cell populations (e.g., monocyte, macrophages, DCs) (12, 13) . In contrast to VCs, ~80% of CIPs had lower FCGR2A and FCGR3A signaling as defined by about < 100,000 RLU for FCGR3A signaling and < 70,000 RLU for FCGR2A signaling (within box, Figure 6E ). To assess how strongly Ab functions can predict controller or noncontroller status, we conducted a univariate regression analysis comparing variations in IgG function between the different patient groups. Figure 6F displays a univariate regression analysis of IgG function values from VC or HIVpopulations, relative to CIP. High FCGR2a AUC, FCGR3a AUC, and FCGR3a max were each significantly predictive of VC status versus CIP status ( Figure 6F ). Multivariate regression analysis using all IgG functions demonstrated that, cumulatively, they were able to significantly predict patient group (P = 0.036). However, conducting multivariate analysis with just the variables that most significantly distinguished all patient groups (FCGR2a AUC, FCGR3a AUC, and FGR3a), we observed that this was a more significant predictor of patient group, including controller status (P = 0.00018).
In addition, we compared all of the Ab parameters tested using unbiased hierarchical clustering of all metrics. Figure 6G displays a dendrogram heat map of all IgG parameters tested for each patient, where the dendrogram shows the degree of similarity or clustering between patients and IgG functions. Using this approach, we observed that VCs were primarily enriched in distinct IgG profile clusters based predominently on high, HIV-specific FCGR signaling. Cluster 7 contained 4 VCs out of 5 HIV + patients and was defined by high dual FCGR activation in the absence of high Ab binding or neutralization. Cluster 6 consisted solely of 4 VCs that displayed a profile of uniformly high Ab binding, neutralization, and FCGR activation. Finally, cluster 3, which consisted of 3 VCs out of 4 HIV + patients, was characterized by high FCGR3a activation in the absence of high Ab binding, neutralization, or FCGR2a activation. Overall, these VC clusters were primarily defined by high levels of dual or single FCGR activation (11 of 18 VCs). In examining the significance of clusters using R package "pvclust" (39), we observed that VC enriched clusters 3 and 6 were significantly distinct from other IgG profiles.
Examining the effect of ART and CD4 count on IgG-induced functions. A caveat in studying CIP as a comparator group is the potential for ART to modulate HIV-specific Ab titers, CTL response, or neutralizing activity (40) (41) (42) (43) . A recent longitudinal study by Madhavi et al. found a 35% reduction in the ADCC activity in ART-treated patients (44) . We therefore examined how the duration of ART within CIP may influence the Ab parameters tested in this study. The CIP in this study were on ART for 6 months up to 10 years. When we compared the length of time on ART versus FCGR signaling, virus neutralization or Ab binding, we observed no significant correlations with time on ART (Supplemental Figure 2) . Therefore, the duration of time that CIPs were on ART did not affect the mean distribution of any Ab parameters and is not likely to be a major confounder in this study.
In addition, non-HIV and HIV-specific IgG responses in HIV + patients on HAART have been correlated with CD4 count (41, 42, 45, 46) . Therefore, we also examined if CIP CD4 cell counts at time of sample collection were correlated with the efficiency of HIV-specific IgG functions. CD4 counts for CIP ranged from 277-1,297, and in comparing CD4 cell counts versus time on HAART, we noted no significant correlations (Supplemental Figure 3A) . In comparing the CD4 counts versus HIV-specific Ab functions, we also observed no significant correlations (Supplemental Figure 3 , B-D). Therefore, CD4 counts at the time of sample collection did not correlate with the efficiency of IgG-mediated responses in this cohort.
Discussion
Many studies indicate that Ab-induced effector responses mediated through FCGR signaling contribute to the control and prevention of HIV-1 infection (3-7, 10, 11, 14, 47-50). Here, we set out to define the profile of FCGR activation associated with potent control of HIV-1 and examine how FCGR activation was more broadly associated with other IgG functions (e.g., Ab binding, neutralization). In addition, we aimed to develop the quantitative assays that can assess the functional properties of antibodies in HIV controller patients, as well as those elicited by therapeutic or prophylactic HIV vaccines.
A key parameter in assessing functional HIV-specific Ab responses is the optimal selection of capture antigens that reflect the epitopes that are accessible on the conformationally flexible and highly glycosylated Env trimer. The characterization of Abs that recognize exposed epitopes is particularly important, since Abs that recognize Env expressed on the surface of infected cells and incorporated into virus particles may represent the Abs that trigger Fc effector responses against infected cells in vivo. Many studies examining Fc-mediated effector responses (i.e., ADCC) use recombinant protein or peptide-pulsed cells as targets (3, 6, 10, 14-25, 47); however, for the reasons stated above, these may not reflect the epitopes available on the surface of infected cells or in virions. Indeed, a recent study observed that ADCC induced by HIV + patient-derived Abs was significantly higher when using rgp120 as the capture antigen, as compared with a scaffolded trimeric form of Env using the same sera (51) .
In studies that have utilized infected cells to characterize anti-HIV antibodies, the relatively low level of Env expression maintained on the cell surface of infected cells, due to active endocytosis and shedding (52, 53) , may limit the efficiency of IgG opsonization of infected cells. Thus, these assays may not achieve sufficient sensitivity to discriminate different IgG-induced Fc effector responses. For these reasons, we developed a cell-based Ab binding assay system that allows for the enhanced detection of Fc-mediated effector responses elicited by Abs that bind CANVI forms of HIV Env. Importantly, this system enables quantification of multiple Fc effector responses using a single platform and allows for direct functional testing of their Fc-signaling capacities. The CANVI system provides consistency when comparing Ab binding, Fc signaling, and Fc effector functions, since the form of HIV capture antigen remains consistent across different assays.
In this study, we utilized our CANVI Env system to examine the level and breadth of patient IgG Ab binding to various HIV-1 Envs. We observed no significant correlation with the absolute level or breadth of binding and HIV controller status (Figure 2) . The CXCR4 HIV-1 Env, NL4-3, yielded the highest absolute level and relative differences in anti-HIV IgG binding between samples, as compared with R5-tropic lab isolate YU2 Env, primary T/F RHPA Env, or clinical isolate JRFL Env. Therefore, we utilized NL4-3 Env to examine the efficiency of FCGR signaling mediated by VC or CIP IgG.
In examining the level of FCGR signaling mediated by VC or CIP IgG, we observed that VC IgG possessed an enhanced capacity to mediate FCGR2A and FCGR3A activation (Figure 3, A-D) . In subdividing the VCs into ECs and LTNPs, we still observed some of the significant differences in FCGR signaling, despite smaller patient numbers. In spite of examining a modestly sized controller cohort, the discrimination of significant signaling differences in the different patient groups highlights that enhanced FCGR signaling may be a common IgG function that underlies the potent control of HIV infection in VCs.
When directly comparing the level of FCGR activation versus the level of Ab binding for each patient ( Figure 5, A and B) , we observed no significant correlations. These data suggest that the level of Ab binding is not associated with the level of FCGR activation induced by either VC-or CIP-derived Abs. This is in contrast with previous studies that have detected higher titers of HIV-specific ADCC Abs in VCs (3) and observed that higher levels of Ab opsonization of infected cells led to higher levels of ADCC (29) . In the first of these 2 studies, the use of gp120 ELISA for detection of HIV-specific titer may overestimate HIV-specific Ab titers (3). In the second study, the level of Ab opsonization was examined on infected cells, but patient samples were pooled, potentially obscuring the relationship between Ab binding and ADCC (29) . More recent studies have not found higher HIV-specific titer differences between VCs and CIPs and, instead, have attributed enhanced Fc effector responses in controllers to qualitative and not quantitative binding differences (14, 54) . In these studies, qualitative features such as enhanced IgG3/IgG1 Ab subclass-mediated Fc effector responses and altered Ab Fc constant region glycosylation were associated with controller status.
In the RV144 HIV vaccine trial, non-neutralizing Abs that mediated ADCC correlated with protection from the acquisition of HIV-1 (10, 11) . Interestingly, upon subsequent analysis, RV144 Abs possessing high ADCC activity were shown to target specific regions of HIV Env (16, 55, 56) . This may indicate that Abs, at least in part, can mediate enhanced levels of ADCC by targeting optimal regions of Env. In support of this concept, Bruel et al. recently demonstrated that bnAbs targeting different regions of HIV-1 Env, but possessing the same Fc constant region, yielded different levels of FCGR3A signaling and ADCC (57) . Taken together, these data suggest that the region of Env that is targeted contributes to the efficiency of FCGR signaling, along with other qualitative Ab Fc constant region features like glycosylation and Ab subclass. Future studies are needed to characterize the qualitative factors that may modulate the efficiency of FCGR activation by VC IgG in our cohort.
We examined the ability of patient IgG to bind, neutralize, and mediate FCGR signaling against the same HIV-1 Env (NL4-3). We found no significant differences between the level of neutralization mediated by VC or CIP Abs. We also saw no differences in the levels of Ab binding when comparing VC or CIP Abs. In contrast, we observed that VC IgG possessed enhanced FCGR signaling in comparison with CIP. This suggests that the enhanced FCGR activation mediated by VC IgG is not associated with an enhanced capacity to bind or neutralize HIV-1. However, in examining CIP IgG, we found a significant correlation between FCGR3A signaling and neutralization ( Figure 6D ). Previous studies characterizing Ab responses against simian immunodeficiency virus (SIV) and HIV infections have noted that FCGR-mediated effector responses and neutralization can evolve separately. In SIV studies, IgG-induced Fc effector activities were observed during acute infection (weeks), while neutralizing responses were not detected until months after the initial infection (58) . During acute HIV infection, a decline in IgG-induced FCGR effector responses coincided with the development of IgG neutralizing responses (59) . Taken together with our data, these data suggest a complex relationship between the efficiency of FCGR signaling and neutralization, where in some cases the evolution of neutralizing responses may come at the expense of FCGR signaling activity.
We note that our study has exploited the robust Ab binding to the laboratory isolate NL4-3 Env, which is also highly sensitive to neutralization (Tier 1). Future work is needed to explore the relationship between the breadth of HIV-1 neutralization against a panel of more resistant primary Env isolates (Tiers 1-3), and the breadth and magnitude of FCGR activation.
In comparing the levels of FCGR2A and FCGR3A signaling for each IgG, we observed that the majority of VCs displayed a spectrum of enhanced FCGR activation profiles ( Figure 6E ). Recent studies have found that VC IgG possess a greater breadth of Fc effector responses as compared with CIP IgG (i.e., higher polyfunctionality) (14) . Since the efficiency of Fc effector responses is dependent on the level of FCGR activation, we hypothesize that the enhanced FCGR activation stimulated by VC IgG may lead to the greater breadth of polyfunctional Fc-mediated responses observed in VCs (Figure 7) (14) . Future studies are needed to characterize the breadth of VC IgG-mediated Fc effector responses induced in different innate effector cell types and to correlate this with particular FCGR signaling profiles.
In this study, we performed multivariate analysis to examine if the IgG functions we tested were predictive of patient groups. As a whole, these IgG parameters were significantly predictive of controller status (P = 0.036). However, when we conducted multivariate analysis using only the FCGR activation data, we observed that these parameters were more strongly predictive of controller status (P = 0.0018). Additionally, we performed an unbiased hierarchical clustering analysis and identified 2 clusters that were enriched with VCs, which were significantly distinct from other IgG profiles. These VC enriched profiles were characterized by high FCGR3A activation and low neutralization and Ab binding, or high uniform binding, neutralization, and FCGR activation ( Figure 6G) . A recent study examined the use of IgG Fc activity profiling as a methodology to define and characterize protective IgG responses in HIV vaccinees (60) . This study examined 64 biophysical and functional IgG properties that included binding affinity, epitope diversity, and glycosylation. In our study, FCGR activation was highly predictive of patient group and, therefore, may aid in the rapid identification of IgG features associated with protective responses when coupled with more extensive biophysical and functional profiling. Future studies should aim to integrate FCGR signal profiling into more extensive profiling approaches. In light of several studies showing that patient HIV-specific Ab titers, neutralization, and ADCC are reduced in HIV + patients as measure of time on ART (40) (41) (42) (43) (44) , we examined if ART in CIPs affected the mean distribution of any Ab parameters tested (Supplemental Figure 2 ). In this cohort, the time on ART did not appear to correlate with the mean distribution of any Ab parameters tested. In line with our findings, Ackerman et al. found no significant differences in the capacity of IgG from HIV + patients on and off ART to mediate ADCC, phagocytosis, NK activation, or complement activation (14) . Additionally, Jensen et al. observed no significant reduction in the capacity of IgG from HIV + patient to mediate ADCC 6 months after the initiation of ART (61) . Nonetheless, we do not have longitudinal measurements for the Ab activities measured for this study and, therefore, cannot rule out that the IgG activity for individual CIPs have not decreased as a measure of time on treatment. Nevertheless, if ART significantly affected our ability to compare Ab functions among VC and CIPs, we would likely observe global alterations in all of the Ab functions tested; however, we only observed significant differences in comparing VC versus CIP FCGR signaling (Figure 3 and 4) and not Ab binding or neutralization (Figure 2 and 5) .
In addition to the effect of ART, we examined if CD4 cell counts correlated with IgG functions in CIPs. We observed no significant relationship between CD4 cell counts and IgG function (Supplemental Figure 3 ). However, studies have shown that CD4 cell nadirs were more highly associated with the modulation of Ab responses than current CD4 cell counts (46) . Despite a rebound in CD4 T cell levels after HAART, a high proportion of HIV-infected individuals are unable to maintain protective Ab levels against vaccination antigens (45, 62, 63) . This defect was significantly correlated with low CD4 nadirs. It has been hypothesized that the permanent depletion or impairment of B and/or CD4 T cell subsets during chronic infection may cause the permanent dysregulation of Ab responses in patients with low CD4 nadirs (64) . In our study, we observed that the IgG functions did not correlate with either time on HAART or current CD4 cell counts; however, since we do not have CD4 cell nadir count for the CIPs, we cannot discount that they have not affected the evolution of HIV-specific Ab responses. Since we did not observe differences in CIP versus VC Ab binding or neutralization, it will be important to assess if low CD4 nadirs specifically affect the efficiency of IgG to mediate FCGR activation. This would be very important in the context of therapeutic vaccines, since defects in eliciting IgG-mediated FCGR activation due to low CD4 nadirs could hinder the efficacy of any vaccine strategy. Moreover, identifying the T and/or B cell subsets involved in maintaining IgG-mediated FCGR activation may yield critical insights into the evolution of these responses and aid in the development of an HIV vaccine.
Overall, this study finds that enhanced FCGR2A and/or FCGR3A signaling is a common feature associated with viremic control of HIV-1. Therefore, we believe that FCGR activation profiling may represent a rapid, simple, and reliable method for performing high-throughput IgG screens to assess the levels of Abmediated HIV control in infected patients and Ab-mediated protection in HIV vaccinees.
Methods
IgG isolation from HIV-positive and HIVpatient sera. HIV + patients were recruited from the Jack Martin Fund Clinic at Mount Sinai Hospital, and plasma samples were obtained. Plasma samples were collected from 18 HIV VC, which consisted of 9 LTNPs whose viral load is < 1,000 copies/ml and 9 "elite" controllers whose viral loads are < 50 copies/ml, as well as 35 HIV-1 CIPs on HAART and 5 HIVvolunteers. Patient demographic characteristics are summarized in Table 1 . Polyclonal IgG were isolated from plasma using a protein A/G spin column kit, followed by desalting using Zeba spin columns according to manufacturer's instructions (Thermo Fisher Scientific). IgG yields were quantified using an Easy-Titer IgG assay kit (Thermo Fisher Scientific).
TZM-bl HIV-1 neutralization assays. Patient IgG Ab-mediated HIV-1 neutralization was examined using a standard TZM-bl neutralization assay (38) . Donor-derived HIV + and HIV -IgG Abs were examined using 10-point neutralization curves generated from 3-fold serial dilutions that started at a top concentration of 500 μg/ml. Positive controls for this assay were the bNAb 2G12 (NIH AIDS Reagent Program; catalog 1476) or control pooled polyclonal HIV IgG antibodies (NIH AIDS Reagent Program; catalog 3957). The virus input was standardized to yield a value of 400,000 relative light units (RLUs). Ab dilutions and virus (X4-tropic; pNL4-3) were incubated for 1 hour at room temperature (RT) and then added to TZM-bl cells cultured in DMEM containing 10% FCS and DEAE-dextran at a final concentration of 15 μg/ml. The levels of HIV tat-dependent luciferase production was measured 48 hours after infection.
Cell-based CANVI Env Ab binding assay. Tetherin high CD4 Jurkat cells were infected with HIV-1 Δvpu mCherry expressing reporter virus and purified by Ficoll Hypaque (GE Healthcare) gradient 24 hours after infection. The next day, cells were normalized to 20%-30% infected (cherry+) cells and incubated with patient IgG or control Abs at 4°C. After primary Ab incubation, opsonized cells are washed and incubated with an APC-conjugated anti-human total IgG secondary Ab (Invitrogen, catalog A21445) at 4°C. The levels of HIV-specific Ab binding were quantified by flow cytometry. BI values were calculated by setting a quadrant gate in which the HIV -(cherry -) population accounts for less than 1.25% to exclude nonspecific background staining. The HIVpopulation serves as an internal negative control for the assay in case a given IgG possesses some level of non-HIV-specific Ab binding. From this gate, a percentage of HIV + cells that have HIV-specific Abs bound to their surface is calculated. Next, the MFI of IgG bound to the surface of HIV + cells is divided by the MFI of the IgG bound to the HIVpopulation. The MFI ratio is then multiplied by the percentage of cells with Ab bound to their surface to give a BI value. To ensure that the relative differences between patient-derived IgG were maintained, all IgG were tested in parallel on the same day for each replicate.
FCGR activation assay. FCGR2A and FCGR3A signaling was measured using a Jurkat cell-derived reporter cell line that contains an integrated NFAT-driven firefly luciferase reporter gene (30, 37) . FCGR signaling activates the NFAT transcription factor, inducing expression of firefly luciferase driven by an NFAT responsive promoter. Tetherin high CD4 + lymphocytes infected with HIV-1 Δvpu were purified by Ficoll Hypaque gradient, normalized to 20%-30% infected cells, and preincubated for 15 minutes with 10-fold serial dilutions of patient-derived Abs that started at a top concentration of 250 μg/ml. The Ab opsonized, HIV-infected target cells were then cocultured with the FCGR2A or FCGR3A reporter cell line at a 2:1 effector/target ratio for 16 hours. After 16 hours, the cells were lysed and the levels of firefly luciferase activity were determined using a luciferase assay kit (Promega). Reporter cells were cocultured with the infected target populations in the absence of Ab to provide background (Ab-independent) luciferase production, and these levels were subtracted from the signal to yield Ab-specific activation in RLUs.
Multivariable clustering analysis. Multiparametric analysis of all metrics was evaluated by hierarchical clustering using Gene E (http://www.broadinstitute.org/cancer/software/GENE-E). Clustering of patients and IgG properties were based on pair-wise Euclidean distance measurements. We also used the R Packaged "pvclust" to perform the hierarchical cluster analysis (39) . For each cluster in hierarchical clustering, "pvclust" calculates P values via multiscale bootstrap resampling. P values of a cluster is a value between 0 and 1, which indicates how strong the cluster is supported by the data. Pvclust provides 2 types of P values: an AU (approximately unbiased) P value and a BP (bootstrap probability) value. We used the 1,000 permutations to calculate the BP P values.
Statistics. Statistical analysis of data was performed using Graph Pad PRISM Software. Significance between infected patient groups was calculated using a 2-tailed Mann-Whitney U test. Correlations between the interrelatedness of 2 functions/parameters were calculated using Spearman rank tests. P values of less than or equal to 0.05 were deemed significant. The mean ± SEM is shown in graphs. We also performed univariate and multivariate regression analysis using linear models in R. The P values for the multivariate analysis were calculated using MANOVA in R that performed the Hotelling-Lawley analysis to find the significance of the model. Study approval. Mount Sinai's Human Research Protection Program IRB (New York City, New York, USA) approved the study ISMMS IBC protocol number HS#: 11-01150. Informed consent was obtained from all research subjects prior to study participation.
